Abstract-The effect of ionosphere on mobile satellite (MS) L-band signal which are propagated from the transmitting satellite to the receiver over the equatorial region has attracted much interest. Sarawak which is located near the equatorial region has been selected for the purpose of this research. By means of data acquisition system using the Global Positioning System ( 
INTRODUCTION
A number of efforts have been done in many parts of the world to determine factors that will affect the received signal performance of the satellite system operating in the L-band frequency [1 -3] . It has been identified that the ionospheric effect may occur on certain part of the world especially near the equatorial region [4 -7] . In Sarawak, there are very few extensive studies carried out to determine the effect of the ionosphere in received signal performance.
Sarawak is located in the east part of Malaysia ( Fig. 1 ) in the Borneo Island (1°33' N of equator and 110°25' E of Greenwich). Due to its location, mobile satellite signal operating in the 1.6 GHz frequency experience impairments such as multipath fading, ionospheric effect and shadowing effect.
There are a lot of factors that prevent extensive studies to be carried out at many other regions. One of the major obstacles is the cost of the research works. Currently, most Figure 1 . Sarawak location [8] .
research works require expensive research equipment and rental of airborne platform such as airplane or helicopter [3] . Either method is expensive and requires significant funding. The unavailability of this funding has been one of the major hindrances in getting more data in developing and less developed countries.
In this study, data based on measurements by using a low cost and handheld GPS receiver has been examined. These data are collected continuously for 24 hours in the form of National Marine Electronic Association (NMEA) data format [9] from various GPS satellites. For analysis purposes, the raw GPS measured data in February and March 2010 which is taken in Sarawak has been used in order to analyse and identify ionospheric effect in equatorial region. In addition, the open space mathematical model for the MS signal performance in Sarawak is formulated based on March 2010 data.
II. METHODOLOGY
The GPS is normally used for positioning and location identification purposes [10 -13] . Nevertheless, it is also a valuable tool for data measurements. Data acquisition system has been used to carry out measurement works by means of this GPS data. The GPS frequency of 1.575 GHz can be used to imitate the MS signal performance. It is a method of communication between computer and GPS receiver to receive message from the satellites. The GPS receiver is connected to the computer via serial port. The GPS signal currently tracked by the receiver and the data sentences collected were saved for analysis. For the purpose of this study, data has been collected at Faculty of Engineering, Universiti Malaysia Sarawak. Data acquisition system has been set up as shown in Fig. 2 and placed at a building rooftop where open space condition can be obtained. The portable GPS receiver is connected to a computer system and measurement under clear sky condition has been carried out in the early months of 2010. Therefore, the shadowing effect and multipath effect due to the diffuse component can be eliminated. In this condition, only ionospheric effect will play a significant role in the received signal performance. Fig. 3 shows a sample of raw measurement data obtained from GPS receiver by a computer. Propagation data from as many as twelve different satellites arriving from different directions can be recorded at any instant of time. Therefore, it is possible to compare the received signal quality between those satellites from a similar set of measured raw data. Data from each satellite has been identified from their respective pseudorandom number (PRN); PRN1 indicates signal from satellite with PRN number of 1.
Signal-to-noise ratio (SNR) for the signal arriving at elevation angle greater than or equal to 15° (θ ≥ 15°) should be greater than or equal to 44 dBHz based on the study conducted in Japan [14] . If the SNR is less than 44 dBHz, then the received signal is considered experiencing degradation effect. For this portable receiver, the lost of signal occurs when the SNR is less than 30 dBHz. It has been indicated as 0 dBHz by the receiver [14] . The same measurements have been repeated in order to validate the previously obtained data. For the measurements, the GPS receiver has been placed flat facing the sky in order to optimum the visibility of the number of satellite signals. From this set up, data for a number of satellites for different elevation and azimuth can be measured simultaneously.
The receiver has also received the reflected signal from the ground near to the receiver. Antennas of low gain, wide beamwidth operating via satellites with low elevation angle are particularly susceptible to this form of impairment [15] . Therefore, only the received signal performance for θ ≥ 15° has been considered for analysis purposes in order to remove the effect of multipath signal due to the ground.
III. RESULTS AND DISCUSSION
The SNRs for different satellites in Fukuoka, Japan have shown consistently in their respective SNR pattern over the elevation and azimuth angles [16] . Measurements which have been carried out in Fukuoka always give SNR greater than or equal to 44 dBHz of SNR reference (SNR ref ) for θ ≥ 15°, implying no significant ionospheric effect in Fukuoka. However, for elevation angle less than 15°, SNR starts to drop below 44 dBHz of SNR ref due to the design of the antenna as the gain is low at lower elevation angle [17] .
Due to the multipath effect and radio noise, the received signal experienced small sequence of fluctuations in open space environment. Therefore, the signal is less than 5 dBHz drops from peak to peak as explained in [3] .
The signal propagation characteristics explained can be observed in Fig. 4 which shows the measured SNR of PRN1 measured in Fukuoka which is used as reference for Sarawak data analysis in present study. Similar data acquisition system has been used and set up on rooftop of building for measurements under open space and clear sky condition in both Fukuoka and Sarawak. This figure shows the values of SNR against elevation and azimuth angles. The data acquisition system enables SNR values against a variety of elevation angles to be obtained. The elevation range achievable is between 0° and 90°. In addition, a number of satellites raw data have been obtained from the same measurement which has been carried out in Sarawak.
In study, the received signal performance of GPS satellites orbiting the sky of Sarawak in February and March 2010 has been recorded for analysis. The MS propagation characteristics in Sarawak vary as shown in Fig. 5 to Fig. 10 . Open space SNR of PRN7 and PRN14 provide some information about the propagation characteristics for satellite signal operating in the 1.6 GHz frequency range. Although there is similarity in terms of the received SNR pattern, the amount of fades experienced by satellite signal from different satellite varies. A significant fade has been indicated for the fluctuation of the satellite signal is below 5 dBHz from SNR ref . The Fig. 5 and Since the measurements were carried out under open space condition, the attenuation effects are mainly due to the ionospheric effect, multipath effect and radio noise [3] . As shown in Fig. 10 , there is only less than 2% of the received SNRs below 39 dBHz which has been considered as ionospheric effect. Since the percentage is very low, the ionospheric effect is not considered in received signal performance of PRN14 for this two-day data.
Complementary cumulative distribution function (CCDF) is another way to analyse the received signal performance. It is obtained by calculating the probability of SNR difference between received SNR and the SNR threshold value (SNR ref ). Fig. 11 and Fig. 12 show the CCDF of received signals at any given probability for February and March 2010 results respectively. Similar CCDF shape should be observed if similar fading characteristics are experienced. Therefore, nine out of eleven satellite signals in Fig. 11 and Fig. 12 respectively show good agreement between each other which imply that the fading characteristics in open space environment are quiet similar without the presence of significant shadowing and multipath effects. However, PRN9 and PRN14 in Fig. 11 as well as PRN14 and PRN28 in Fig. 12 have shown significant different shape of CCDF as compared to others. For instance, PRN14 on 2 February 2010 shows 40.8% probability of the received SNRs which have more than or equal to 2 dBHz of SNR difference as compared to SNR ref .
Furthermore, PRN14 and PRN28 on 12 March 2010 show the probability of 31.9% and 48.1% respectively at 2 dBHz of SNR difference. While others are in the range of 65% to 97% probability. At 10% probability, SNR differences of 5 -7 dBHz are obtained for the visible satellites in Sarawak on 2 February 2010. However, only PRN9 shows SNR difference about 8 dBHz at 10% probability which is different from others. Therefore, the satellite signals are considered experiencing different fading characteristics as compared to others since non-consistent CCDF patterns are shown. An open space mathematical model represents the SNR values at any given elevation angles without measuring the received signal from the GPS receiver has been developed. The function of the mathematical model is to study in detail the received signal performance. The model is derived by taking the average values of SNR for selected satellite signals at every elevation angle. By using the ideas of logarithmic and polynomial regressions, the best fit regression that well represents the relationship of SNR with respect to elevation angle of the selected visible satellites in open space (clear from significant attenuation effect) is formulated [16] .
The developed mathematical model that relates the SNR with respect to the elevation angle for the signal performance in Fukuoka, Japan in open space [16] is used as reference to obtain the same type of mathematical model for Sarawak data.
The best fit curve of average SNR values against elevation angles of Sarawak data (12 March 2010) has been plotted as shown in Fig. 13 This is a fourth order logarithmic polynomial equation with respect to elevation angle. By using this mathematical model, the trend of the SNR at certain elevation angle can be studied. Therefore, the received signal performance under open space environment from certain satellite taken in certain area of equatorial region can easily been predicted. In addition, this model can be used as reference to study shadowing effect. The expected received signal is around 44 dBHz (± 5 dBHz of the multipath effect and radio noise). Other than multipath effect and radio noise, received signal may experience shadowing effect from tree, building or other obstacles if the received signal is much lower than the SNR ref .
In future work, study on the shadowing effect is necessary for the design of MS systems. Furthermore, the developed mathematical model also plays an important role in simulator design which provides control over the signals generated over the different test environment, so that testing can be conducted in controlled laboratory conditions. The mathematical models generated from Sarawak and Fukuoka data is compared to observe the similarity between each other as shown in Fig. 14 . These two models give 93.56% of similarity. Hence, it can be summarised that the received signal will show consistent results in any location if and only if there have no significant attenuation effect due to factors such as shadowing effect and ionospheric effect. The main benefit from this finding to planners is the MS signal performance under open space environment for any location in Sarawak can be predicted from the formulated mathematical model. 
